Creatine monohydrate (CrM) supplementation has been shown to increase fat-free mass and muscle power output possibly via cell swelling. Little is known about the cellular response to CrM.
INTRODUCTION
Creatine monohydrate (CrM) supplementation has a number of biochemical and physiological effects and enhances muscle performance in humans (89) . Intracellular phosphocreatine (PCr) functions as an energy buffer to prevent ATP depletion in the skeletal muscle, especially during shortduration, repetitive high-intensity exercise bouts (22, 43, 75, 89) . Following the intake of 20 g CrM/day for 4-7 days (2, 29, 33) or 3 g CrM/day for 4-12 weeks (4, 46, 92, 94) , skeletal muscle total creatine and PCr increase by 10 -20 %. Short-term CrM supplementation increases muscle force and/or power (2, 3, 7, 8, 10, 18, 29, 59, 96) ; whereas chronic CrM supplementation in conjunction with weight training increases maximal muscle strength and power, fat-free mass (FFM), muscle fiber size, total body water and total body weight (47, 92, 94) , as compared with placebo. The increase in FFM and total body weight is partly due to fluid retention in myocytes caused by the osmotic potential of high intracellular CrM abundance (45, 47, 60) . Whether the aforementioned phenotypic effects are due to energy buffering, physiochemical attributes of the compound, cell volume regulation, or CrM supplementation's direct influence on cellular metabolism through changes in gene expression remain unclear.
Studies have found significant increases in total body water in men after both short-term (106) and long-term (47) CrM supplementation, and that this acute increase in fluid volume is limited to the intracellular compartment only (106). Our group has shown that 9 days of CrM supplementation decreased whole body protein breakdown and leucine oxidation in young men (66) , and this was directionally similar to studies infusing a hypo-osmotic solution to induce cell swelling (6, 34) .
Consequently, we hypothesized that CrM supplementation would induce cell swelling, which in turn would activate downstream cell volume-sensitive signaling cascades, and affect overall cellular metabolism (66) . If cell volume changes modulate the anti-proteolytic effects of CrM supplementation, then this should involve the intrinsic and/or extrinsic signaling kinases.
Currently, little is known about the global changes in gene expression following short-term CrM supplementation in human skeletal muscle, independent of confounding factors such as exercise or disuse atrophy models. CrM supplementation enhances satellite cell differentiation in vitro (93) and satellite cell mitotic activity during compensatory hypertrophy in rat skeletal muscle (16) . These observations are consistent with the results from an in vivo study showing an increase in the protein content of the myogenic transcription factors, MRF4 and myogenin, after recovery from cast-induced atrophy in the skeletal muscle of young subjects supplemented with CrM (36) . Also, CrM supplementation in conjunction with strength exercise training increases satellite cell number, myonuclei concentration (63) and type II muscle fiber area (94).
Given the emerging interest in CrM supplementation in the management of neuromuscular disorders, including amyotrophic lateral sclerosis (44), Huntington's disease (56), Parkinson's disease (55), Alzheimer's disease (9) , and muscular dystrophies (13, 85, 87, 88) , our aim was to elucidate potential cellular and molecular mechanisms that underlie its therapeutic efficacy. The objectives of this study were: 1) to examine the intracellular global gene expression in human skeletal muscle following 10 days of CrM supplementation using cDNA microarray analysis, and 2) to evaluate the effect of short-term CrM supplementation on targeted mRNA expression and protein content of kinases associated with cell volume regulation. In the current study, we analyzed muscle biopsies of the vastus lateralis from young men following 10 days of supplementation with placebo or CrM, without the superimposition of acute exercise.
MATERIALS AND METHODS

Subjects
Twelve young, healthy, non-smoking and non-obese men (age, 26 ± 3 y; weight, 76 ± 9 kg; height, 178 ± 11 cm; regular physical activity O 2x per week) participated in the study. Prior to the study, potential subjects completed a health questionnaire to assess their health and fitness. All subjects provided written consent prior to their participation. The study was approved by the Hamilton Health Sciences Human Research Ethics Board and conformed to the guidelines outlined in the Declaration of Helsinki.
Experimental protocol
Supplementation and tissue collection
Following a block randomized, placebo-controlled, crossover, double-blind design, six participants consumed a placebo (PL, 75 g of dextrose) while the other six participants took a commercially available isoenergetic supplement predominantly containing creatine monohydrate (maintenance phase). Both CrM and PL had identical grape flavouring and were mixed into cold water. Because of direct supervision, compliance was 100% with supplement consumption. Following a 28-day washout period, which is sufficient for muscle PCr concentration to return to basal level (24, 39) , subjects crossed over to consume the alternate supplement for 10 days. Four-day diet records were acquired from all subjects during the last 4 days of both treatments and were analyzed for daily total calorie and macronutrient composition using Nutritionist V (First Data Bank, San Bruno, CA, USA) (86) . FFM and body fat percentage were determined by using dual-energy X-ray absorptiometry (QDR-1000W, Hologic Inc., Waltham, MA, USA) as previously described (86) . Total body water was measured using the bioelectric impedance analysis (BIA-101A; RJL Systems, Mt. Clemens, MI, USA) (32) .
On the last day of supplementation for both treatments, we collected muscle biopsies of the vastus lateralis, which were taken from the same leg and were separated by ~6 cm to minimize the potential effect of the biopsy on gene expression (62) . The sampling site was randomized with respect to the proximal vs. distal incision site. We took ~150 mg of wet muscle from each biopsy after quickly dissecting it of fat and connective tissue, and sectioned the sample into four pieces. Two pieces of ~30 mg were immediately placed in separate RNase-free cryoviles, flash-frozen in liquid nitrogen, and stored at - 
Biochemical analyses
Muscle samples frozen in liquid nitrogen were lyophilized, powdered, and extracted in 0.5M perchloric acid/1 mM EDTA and neutralized using 2M KHCO 3 , as previously described (84) . Extracts were analyzed for TCr using a fluorometric enzymatic method described previously by our group (86) .
The intra-assay CV was 3.7% for TCr.
Histochemical analyses
The OCT-embedded biopsy samples were serially sectioned (7 µm thick) and were stained for myosin ATPase activity as previously described (86) . A total of 150-500 fibers were available for analysis from each subject. Fiber analyses were performed using image analysis software (Image Pro Plus, Media Cybernetics, Silver Springs, MD, USA) interfaced with a microscope (Olympus BX60, Melville, NY, USA) and a digital camera (SPOT Diagnostics Instruments, Inc., Sterling Heights, MI, USA). The intra-assay CVs were 1.5% and 2.6% for the analysis of % total fiber area and mean fiber area, respectively.
RNA analysis
RNA extraction
The total RNA was extracted from the skeletal muscle biopsy followed by DNase I treatment as described previously in detail by our group (53) . We assessed total RNA quality by measuring the size distribution on an Agilent Bioanalyzer (1.0-1.5 kb, Agilent Technologies, Inc., Santa Clara, CA, USA) and by measuring the spectrophotometric 260/280 ratio (>1.8).
Microarray analyses
For analyses of CrM-induced global gene expression changes, muscle from all the participants (N = 12) from both phases of the study (PL and CrM) were analyzed to highlight a paired/repeated measures comparison. The study design (randomized, cross-over, within-subject) permitted the comparison of the CrM with the PL data for individual subjects, i.e. within-subject comparison. This allowed the examination of each individual subject's response to the CrM vs. PL supplementation.
Such a design minimizes inter-individual variability in mRNA expression and recognizes that genetic influences remain identical on both treatments. This is a more powerful approach than comparing pooled data for all subjects during PL supplementation vs. pooled data for all subjects during CrM supplementation.
2 µg of the total RNA was converted to cDNA and was labelled with either Cy3 (CrM condition) or Cy5 (PL condition) fluorescent dyes in preparation for in-house microarray analyses at the Genomics Facility of the Buck Institute for Age Research as previously described (54) . The detailed microarray experimental design and conditions are also found online on NCBI Gene Expression Omnibus (please visit http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE7877). The total number of analyzable genes per array after removing PCR failures and genes with non-detectable expression was ~ 7500 genes.
RT and Real-time PCR
We performed the RT (Roche Applied Science, Laval, QC, Canada) and real-time PCR on an iCycler real-time PCR machine (Bio-Rad Laboratories, Hercules, CA, USA) using the SYBR ® Green chemistry, as described previously for cDNA microarray validation and targeted mRNA expression analysis (54) . For these analyses, we used V2-microglobulin as a housekeeping gene since our intervention did not influence the V2-microglobulin mRNA content in the skeletal muscle (data not shown). All samples were run in duplicate simultaneously with 'no RNA'-and RT-negative controls.
In addition, the melting point dissociation curve generated by the instrument was used to confirm the specificity of the amplified product. Please refer to Supplementary Data, Table S-1 for primer sequences used for real-time PCR.
Kinexus protocol
The whole lysate protein samples were analyzed by Kinetworks ® KPKS 1.0 Protein Kinase screen (Kinexus Bioinformatics Corp., Vancouver, BC, Canada) as described previously (69, 70) .
Briefly, ~30 mg of skeletal muscle from each subject was lysed in 750 µL of homogenization buffer One software (Bio-Rad, Hercules, CA, USA). The reproducibility of these signal transduction protein screens was within 15%.
Statistical analysis
Anthropometric measurements, muscle composition, and dietary data were analyzed using a Student's paired t-test. We used a one-tailed test when analyzing total Cr concentration and body composition, because we a priori hypothesized that CrM supplementation would increase total Cr concentration, fat-free mass, total body water, and body weight but decrease % body fat. For all other analyses, we used a two-tailed test. A P-value of 0.05 was considered statistically significant. Data are presented as means ± SD.
We analyzed microarray data using the significance analysis of microarrays (SAM v. 1.21) to identify statistically significant differential global gene expression in the CrM vs. PL group, using a false discovery rate of < 5% (54) . Real-time PCR data for both global and targeted gene expression were analyzed using a paired t-test on the linear 2 -\CT data set (51) . We analyzed Kinetworks ® KPKS 1.0 Protein Kinase screen data for protein content using a paired t-test on corrected band intensities and expressed it as fold change (CrM vs. PL).
RESULTS
Body composition, dietary analysis, and muscle fiber characteristics
Percent body fat was similar between the two interventions. CrM supplementation increased FFM by 1.6% (P = 0.03), total body water by 2.2% (P = 0.04), and body weight by 2.6% (P = 0.002) ( Table 1) . The total energy, carbohydrate and protein intake of the participants did not change over the course of the study (Table 1) . CrM supplementation increased total muscle creatine content by 14% (P = 0.0009) indicating excellent compliance (Table 2) . Short-term CrM supplementation also resulted in a non-significant increase in type I, type IIa and type IIx fiber area by ~ 9%, 5% and 4%, respectively (Table 2) . Table S-4) . Also, there is a strong trend for an increase in the protein content of 3 other kinases (HPK1, FAK, and CDK9) with CrM supplementation (mean increase of 5.6 ± 2.4 fold). We also used real-time PCR to confirm the increase in the mRNA content in four of the aforementioned up-regulated kinases (p38 MAPK, ERK6, PKBa/Akt1 and FAK) in the skeletal muscle of subjects supplemented with CrM ( Figure 2) .
DISCUSSION
In the current study, we observed an increase in total muscle creatine content, FFM, total body water, and body weight in young, healthy men after 10 days of CrM supplementation with no changes in their dietary intake and muscle fiber characteristics. We used cDNA microarrays and Kinetworks Table S-2 and Table S-4) . We are the first to report this novel differential gene expression in the skeletal muscle with 10 days of CrM supplementation, a response that appears to reflect a homeostatic adaptation to changes in cellular osmolarity.
CrM supplementation causes an increase in FFM, total body water, and body weight Short-term CrM supplementation significantly increased FFM, total body water, and body weight, confirming previous research (45, 95, 106) . It should be noted that commercial the CrM product (CELL-Tech ® ) used in this study contained additional dietary constituents which have been previously shown not to provide any additional response to changes in body mass, body composition, maximal strength and power output beyond those solely attributed to CrM supplementation (46) . The primary purpose of these additional dietary constituents (i.e, dextrose, -lipoic acid, ascorbic acid, etc.)
with CrM supplementation was to enhance muscle total creatine content gains in short-term as compared to the ingestion of CrM alone (11) . The increase in FFM and body weight following CrM supplementation may be due, at least in part, to water retention, as previously suggested (106). These gains are attributed to the acute increase in fluid volume, limited to the intracellular compartment only, due to an osmotic load caused by cellular CrM accumulation (106). We speculate that the increase in cellular TCr and osmolarity following creatine supplementation leads to an increase in cell volume.
Little is known about the molecular events following short-term CrM supplementation in human skeletal muscle, independent of exercise or disuse atrophy models.
Cell swelling has been identified as an anabolic proliferative signal (67, 72). We have previously shown that 9 days of CrM supplementation (similar to the current protocol) decreases whole body proteolysis and leucine oxidation in young men (66) , and these results were directionally similar to studies showing cell swelling after infusing a hypo-osmotic solution (6, 34) . In vitro studies have also described the stimulating effect of increased cell volume on glycogen synthesis (1, 72) . Based on research from our group and others, we hypothesized that CrM-mediated cell swelling would activate cell volume-sensitive signaling cascades to adapt to the intracellular and extracellular changes in osmolarity by activating signal transduction pathways for maintaining proper cell function (66) .
CrM activates genes involved in osmosensing and signal transduction
We observed a significant up-regulation of integrin 1 (ITGA1) and focal adhesion kinase (FAK) mRNA with CrM supplementation. Both ITGA1 and FAK play a vital role in osmosensing, especially during the earlier phase of cell swelling, by promoting cell adhesion to the extracellular matrix and inducing intracellular signal transduction (77, 97) . We also observed that CrM supplementation activates genes that constitute the cell signal transduction network including wingless-type MMTV integration site family member 2 (WNT2), GNAS complex locus (GNAS) and calcium-sensing receptor (CASR). In addition, CrM supplementation down-regulates the expression of frizzled-related protein (FRZB), a negative regulator of WNT2 signaling (37).
WNT2 is a signal transducer and is implicated in several developmental processes, including regulation of cell fate and patterning during embryogenesis (98). Wassink et al. (2001) suggested that
WNT2 is a strong candidate gene for autism, a prototypical pervasive development disorder (99) .
Studies with autistic children have associated the severity of pathology with various markers including reduced brain creatine concentration (27) and increased brain choline/creatine ratio (80) . Theoretically, CrM supplementation may hold potential therapeutic potential significance for autistic children.
GNAS encodes alpha-subunit of G-proteins and is involved in modulating and transducing various transmembrane signaling systems, and is also involved in hormonal regulation of adenylate cyclase in response to beta-adrenergic stimuli (5, 12) . CASR senses extracellular calcium concentration and assists in maintaining calcium homeostasis (35) . The activity of this receptor is mediated by a Gprotein that activates a phosphatidylinositol-calcium second messenger system (28), which we speculate would be due to CrM-mediated cell swelling.
CrM supplementation activates genes involved in cytoskeleton remodeling
We observed an increase in mRNA expression of collagen (type V, alpha 3; COL5A3), filamin A alpha (FLNA), Rho GTPase activating protein 8 (ARHGAP8), and peripherin (PRPH). Cytoskeleton rearrangements have been previously implicated as a result of cell swelling, as an adaptive homeostatic response (68) . COL5A3 encodes an alpha chain for one of the low abundance fibrillar collagens which plays a role in muscle development and cell adhesion (40) . FLNA is a phosphoprotein that regulates reorganization of the actin cytoskeleton and links actin filaments to membrane glycoproteins by interacting with integrins, transmembrane receptor complexes, and second messengers (73). PRPH is a type III intermediate filament cytoskeletal protein that participates in the signal transduction events, which play a role in the regulation of cell development, activation, and growth (90) . We speculate that this CrM-mediated cytoskeleton organization and biogenesis is an early event which may be central to the modulation of cell shape.
CrM may regulate protein and glycogen synthesis via an induction of protein kinase B alpha (PKBa/Akt1)
We observed a significant increase in PKBa mRNA (2.1 fold) and protein (4.2 fold) content in the skeletal muscle with CrM supplementation. PKBa is a serine-threonine protein kinase and is involved in up-regulating general protein synthesis via an increase in the eukaryotic initiation factor 2B (31, 100) . This finding, together with our previous observation that CrM supplementation decreases whole-body proteolysis and amino acid oxidation in young, healthy men (66), indicates a trend towards a net protein accretion.
Creatine supplementation increases glycogen content, but the cellular mechanisms supporting this observation are unclear (65) . Creatine-fed rats increase muscle glycogen stores due to the upregulation of GLUT4 mRNA expression via AMP-activated protein kinase (AMPK)-dependent pathway (42) , probably due to an increase in fasting plasma insulin levels (74) . In contrast, Op 't Eijnde et al. (2001) reported that five days of creatine supplementation did not increase GLUT4 expression in rats (64). In humans, creatine supplementation prevented a decrease in muscle GLUT4 protein content during two weeks of immobilization and increased it during a subsequent ten weeks of rehabilitation training in healthy subjects (65) . Recently, van Loon et al. (2004) observed that creatine supplementation in men increased skeletal muscle glycogen storage, but had no effect on GLUT4 mRNA and protein content (91). Similarly, in our microarray analysis, we also observed no change in GLUT4 (SLC2A4; AA978042) mRNA expression (P = 0.26) with CrM supplementation (0.97 fold vs. PL). However, we observed a 21% decrease (0.79 fold) in both skeletal muscle phosphofructokinase and glycogen phosphorylase, but not hexokinase, mRNA content following CrM supplementation (please refer to http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE7877). Together with the GLUT4 data, these observations indicate that the intracellular glucose available for cellular functions is being directed towards glycogen accretion through a decrease in glycogen breakdown and glycolysis. This is in accordance with the observed increase in the potential energy provided by the phosphagen pathway (total creatine content), and the subsequent lower dependence on glycolysis to furnish immediate energy sources.
In addition to protein synthesis, PKBa positively regulates glycogen synthesis by deactivating glycogen synthase kinase V, thus increasing glycogen synthase activity (31) . It is suggested that PKBa associates with GLUT4-containing vesicles, promoting their translocation to the plasma membrane to stimulate glucose transport (26). In vitro, L6 muscle cells over-expressing PKBa significantly increase glucose transport, to a level comparable to that elicited normally by insulin in non-transfected control cells, due to an increase in the recruitment of GLUT4 to the plasma membrane (30) . Based on significant increases in PKBa and no change in GLUT4 mRNA content in the current study, we hypothesize that short-term CrM supplementation (in the absence of exercise and/or dietary intervention) increases muscle glycogen stores via an increase in GLUT4 recruitment to the sarcolemma, with no increase in GLUT4 mRNA and/or protein content.
CrM may promote satellite cell proliferation and differentiation via an induction of sphingosine kinase 1 and MAPK pathway
In vitro and in vivo, CrM supplementation alone (41, 93) (36, 63) . In the current study, we did not observe an increase in mean fiber area as previously reported, which could be due to our short period of supplementation as compared with longer periods in studies showing this effect (94). Nonetheless, we did observe an early transcriptional and translational response at the cellular level, which explains previously observed effects of creatine supplementation on satellite cell proliferation and differentiation (16, 36, 41, 63, 93) .
We observed a substantial induction in sphingosine kinase 1 (SPHK1) mRNA expression (5.0 fold) in the skeletal muscle of subjects supplemented with CrM. SPHK1 is a lipid kinase which is greatly enhanced in differentiating C2C12 myoblasts via modulating signal transduction, and catalyzes the phosphorylation of sphingosine to sphingosine-1-phosphate (S1P). S1P is a bioactive intracellular lipid mediator and a ligand for S1P receptors that trigger various key mitogenic signaling pathways (i.e., MAPK, phospholipase D, Rho, and cytosolic calcium increase) involved in the regulation of myoblast proliferation and differentiation, and skeletal muscle fatigue prevention (17, 58, 82) .
Myoblast proliferation and differentiation involve the activation of several key signaling pathways such as ERK1/ERK2, p38 MAPK, and PI3K/PKBa (14, 101). Donati et al. (2005) observed that S1P exerts a pro-differentiation activity via p38 MAPK and PKBa induction (21) . p38 MAPK, a stress-sensitive kinase, is up-regulated in response to cell swelling (61). Indeed, we observed with CrM supplementation a robust increase in p38 MAPK and PKBa mRNA and protein content, which are mandatory for myoblast differentiation and to enhance the expression of downstream myogenic differentiation markers such as myogenin, myosin heavy chain, and caveolin-3 that may lead to muscle accretion (21) . CrM supplementation increases actin and myosin protein and myosin mRNA content in vitro and myogenic transcription factors (MRF4, MEF2A, MEF2C, MEF2D and myogenin) in vivo (41, 102) . Taken together, we suggest that the SPHK1-mediated pathways play an important role in CrM-mediated myoblast differentiation.
Furthermore, we observed an up-regulation of extracelluar-regulated kinase 6 (ERK6) mRNA and protein content, and megakaryoblastic leukemia 1 (MKL1) mRNA expression in the skeletal muscle of CrM supplemented subjects. In vitro studies have shown that the activation of ERK6, a serine/threonine stress-activated protein kinase, parallels that of p38 MAPK in response to osmotic shock (76). Lechner et al. (1996) reported that ERK6 is highly expressed in human skeletal muscle and functions as a signal transducer during differentiation of myoblasts to myotubes (49) . MKL1 is a potent transcriptional coactivator of serum response element-dependent genes through its direct binding to serum response factor, and thus contributes to both striated and smooth muscle differentiation (78) .
The coordinated induction of these genes will regulate satellite cell proliferation and differentiation with CrM supplementation.
CrM activates genes involved in regulating DNA replication and repair
Another novel finding is that CrM supplementation activated genes that are positive regulators of DNA replication and repair, and nuclear chromatin organization, including replication initiator 1 (REPIN1), histone 1 (HIST1H2BK), and tyrosyl-DNA phosphodiesterase I (TDP1). In vitro, REPIN1 possesses ATP-dependent DNA helicase activity and is involved in initiating chromosomal DNA synthesis in mammalian cells (15) , which could explain the increase in DNA synthesis during satellite cell mitotic activity following creatine supplementation. HIST1H2BK gene encodes a member of the histone H2B family and is a core component of nucleosomes responsible for high order chromatin stability and organization in the nucleus (20) . TDP1 works in conjunction with topoisomerase I to repair DNA lesions and chromosomal single-strand breaks and removes glycolate from single-stranded DNA containing a 3'-phosphoglycolate, suggesting a role for TDP1 in repair of free radical-mediated DNA double-strand breaks (23, 71) . A deficiency in this DNA repair pathway in humans causes spinocerebellar ataxia with axonal neuropathy by affecting terminally differentiated neurons (83) , and hence CrM supplementation may be a potential therapeutic agent for spinocerebellar ataxia patients.
CrM activates genes involved in regulating mRNA processing and transcription
We also observed a significant up-regulation (3.8 to 1.6 fold) of mRNA species collectively involved in regulating mRNA processing and transcription, including, human transcription factor Dp-2 (TFDP2), CCAAT/enhancer binding protein zeta (CEBPZ), PRP8 pre-mRNA processing factor 8 homolog (PRPF8), exonuclease NEF-sp (EXO-NEF), RNA binding motif protein 4 (RBM4), and matrin 3 (MATR3).
TFDP2 is a transcription factor that heterodimerizes with E2F transcription factor 1 to regulate genes required for the progression of the S-phase, such as DHFR and DNA polymerase alpha, and thus is essential in cell cycle regulation and differentiation (103) . CEBPZ interacts with the CCAAT motif present in the proximal promoters of numerous mammalian genes (57) . In vitro, dominant negative CEBPZ mutants reduce the expression of various genes including the alpha-2 collagen, E2F transcription factor 1, and topoisomerase II alpha, resulting in fibroblast cell growth delay (38) . Hence, CrM supplementation activates the transcription of genes that may play a role in down-stream cellular proliferation and differentiation in addition to influencing DNA replication and repair regulation.
CrM supplementation also activated genes involved in mRNA processing and maturation, steps crucial for successful translation. PRPF8 is a component of both U2-and U12-dependent spliceosomes involved in mRNA processing (52) . Exonuclease NEF-sp is involved in the rRNA and tRNA processing and maturation via 3' to 5' exonuclease activity. Similarly, RBM4 is involved in RNA processing (48) . CrM supplementation also induced MATR3, a nuclear matrix protein, which is involved in nuclear retention of defective RNA and interacts with other nuclear matrix proteins to form the internal fibrogranular network (104) .
CrM supplementation activates genes that promote cell survival
CrM supplementation activated genes involved in cell survival and anti-apoptotic pathways, including PKBa, SHPK1, Fas apoptotic inhibitory molecule 2 (FAIM2), and angiopoietin-like 4 (ANGPTL4). Both PKBa and SPHK1 act as anti-apoptotic and cell survival signaling kinases, in addition to their role in regulating cellular metabolism (PKBa) and myogenesis (SPKH1) (50, 79) . In cell culture, FAIM2 has an anti-apoptotic function that provides protection from Fas-mediated cell death (81) . This is in parallel with previous findings that CrM supplementation has potential neuroprotective effects in mouse model of Huntington's disease (19, 25) and cerebral ischemia (105), including buffering of intracellular energy reserves, stabilizing intracellular calcium, and inhibiting activation of the mitochondrial permeability transition pore, all of which have been linked to excitotoxic and apoptotic cell death.
CONCLUSION
In this study, we have identified that short-term CrM supplementation in young healthy men activates genes in the skeletal muscle that are involved in various aspects of osmosensing, protein and glycogen synthesis regulation, satellite cell proliferation and differentiation, cell survival, DNA replication and repair, RNA transcription control, and cytoskeleton remodelling (Figure 3) . We propose that CrM supplementation induces rapid and coordinate induction of these regulatory proteins at the molecular level that result in increases in maximal muscle strength and power, FFM, total body water and total body weight, independent of training and/or dietary intervention.
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